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Abstract

Aims Ischaemia–reperfusion injury (IRI) following myocardial infarction remains a challenging topic in acute cardiac care and
consecutively arising heart failure represents a severe long-term consequence. The extent of neutrophil infiltration and
neutrophil-mediated cellular damage are thought to be aggravating factors enhancing primary tissue injury. Toll-like receptor
9 was found to be involved in neutrophil activation as well as chemotaxis and may represent a target in modulating IRI,
aspects we aimed to illuminate by pharmacological inhibition of the receptor.
Methods and results Forty-nine male adult Sprague–Dawley rats were used. IRI was induced by occlusion of the left coro-
nary artery and subsequent snare removal after 30 min. Oligonucleotide (ODN) 2088, a toll-like receptor 9 (TLR9) antagonist,
control-ODN, or DNase, were administered at the time of reperfusion and over 24 h via a mini-osmotic pump. The hearts
were harvested 24 h or 4 weeks after left coronary artery occlusion and immunohistochemical staining was performed.
Echocardiography was done after 1 and 4 weeks to determine ventricular function. Inhibition of TLR9 by ODN 2088 led to
left ventricular wall thinning (P = 0.003) in association with drastically enhanced neutrophil infiltration (P = 0.005) and
increased markers of tissue damage. Additionally, an up-regulation of the chemotactic receptor CXCR2 (P = 0.046) was
found after TLR9 inhibition. No such effects were observed in control-ODN or DNase-treated animals. We did not observe
changes in monocyte content or subset distribution, hinting towards neutrophils as the primary mediators of the exerted
tissue injury.
Conclusions Our data indicate a TLR9-dependent, negative regulation of neutrophil infiltration. Blockage of TLR9 appears to
prevent the down-regulation of CXCR2, followed by an uncontrolled migration of neutrophils towards the area of infarction
and the exertion of disproportional tissue injury resulting in potential aneurysm formation. In comparison with previous stud-
ies conducted in TLR�/� mice, we deliberately chose a transient pharmacological inhibition of TLR9 to highlight effects occur-
ring in the first 24 h following IRI.
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Introduction

Cardiovascular diseases remain the most common cause of
death within the western world. According to the American
Heart Association, an estimate of one million coronary events
occurred during the year 2019 in the United States.1 Compa-
rable data were presented in the Cardiovascular Disease

Statistics 2019 published by the European Society of Cardiol-
ogy (ESC).2 Although advances in medical therapy and im-
proved reperfusion strategies have led to decreased mortality
rates within the last decades, complications include ventricu-
lar aneurysm formation, potentially resulting in ventricular
free-wall rupture, ventricular septal defects, and acute
mitral regurgitation due to papillary muscle rupture lead to
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a worsened outcome.3 Although reperfusion is crucial for
myocardial salvage and the prevention of tissue-related
complications, it bears the risk of further damaging the
afflicted area.

The innate immune system is responsible for initiating the
primary response following ischaemia and reperfusion (IR).
Neutrophils are reported to significantly contribute to the
sustained inflammatory response and overall severity of IR in-
jury (IRI).4 A key factor in regulating chemotaxis and mount-
ing an inflammatory response in neutrophils is the activation
of toll-like receptors (TLRs) via danger-associated molecular
patterns or pathogen-associated molecular patterns
(PAMPs).5 With TLR9 being the main receptor involved in
the detection of unmethylated extracellular DNA, blockage
of pathogen-associated molecular patterns activation was
proposed as a possible targeting strategy in IRI.6 In experi-
mental infarction models, TLR9 knockout mice exhibited a sig-
nificantly higher rate of mechanical complications, particu-
larly ventricular free wall rupture paired with a decrease in
survival.7,8 In contrast, short-term inhibition of TLR9 attenu-
ated IRI after 60 min of reperfusion in an ex vivo model.9 In
addition, TLR9 inhibition protected from cerebral IRI in a
stroke model.10 As TLR9 recognizes unmethylated CpG oligo-
nucleotides (ODNs), stimulation by synthetic ODNs was re-
ported. Replacement of a few bases in the sequence results
in an ODN without activatory properties. One of these inhib-
itory ODNs is ODN 2088, which exerts competitive inhibition
by binding to the TLR9 receptor.11 The aim of our study was
to identify if TLR9 short-term inhibition through ODN
2088 would result in similar effects as long-term TLR9
knockout.

Methods

Rat model of myocardial ischaemia–reperfusion
and drug treatment

Forty-nine male Sprague–Dawley rats (10–12 weeks old, 260–
400 g body weight, Charles River, Massachusetts, USA) were
anaesthetized by intraperitoneal injection of a mixture of
xylazine (4 mg/kg; Bayer, Leverkusen, Germany) and
ketamine (100 mg/kg; Dr E. Gräub AG, Bern, Switzerland).
Animals were intubated and ventilated (rodent ventilator:
air 9 mL/kg body weight, 75–85 strokes/min) and kept at
37.5–38.5°C using a rectal temperature probe and a temper-
ature mat. IRI was induced as described previously.12 The
TLR9 inhibitor ODN 2088 (InvivoGen, California, USA) was
administered at the onset of reperfusion via the femoral vein
in a bolus of 400 μg. Simultaneously, a mini-osmotic pump
(Alzet, mini-osmotic pump, model 2001D, California, USA)
was implanted to dispense the compound at a rate of
66.667 μg/h (1600 μg over 24 h) for a steady-state concentra-

tion above 0.1 μM for 24 h. Analgesia was initiated by intra-
peritoneal injection of Piritramide (0.1 mL/kg body weight)
preoperatively. Additionally, piritramide was applied via
the drinking water as a postoperative analgesic regimen
(2 ampules of piritramide with 30 mL of glucose 5% in
250 mL water). The animals were sacrificed 24 h or 4 weeks
after IR. Blood samples were taken from the caudal vena cava
and stored in mini-serum and EDTA tubes (Greiner Bio-One,
Kremsmünster, Austria). Of the 49 animals, 46 underwent in-
duced IRI, whereas three animals received sham treatment
(thoracotomy without IRI). Ten animals died during the
operation or within the following 24 h (23.256%; four
control-ODN, three DNase, and three ODN-2088 treated).
No differences were found for group allocation and death
during/following surgery (P = 0.820). In three animals, no
clear myocardial infarction was inducible (6.697%, verified
by immunohistochemistry staining). Rats suffering from
premature death and those without infarction were excluded
from further analyses. Experimental setup and group
allocation are outlined in Figure S1. Echocardiography was
performed at baseline, 1 week after IR, as well as prior to
sacrification, and left ventricular (LV) ejection fraction, LV
end-systolic diameter, and LV end-diastolic diameter were re-
corded as described previously.12 Housing and experimental
conditions were in accordance with the latest guidelines on
the ethical use of laboratory animals and the 3Rs. A constant
light/dark cycle was established, and the animals were fed a
conventional chow diet and water ad libitum with 22°C tem-
perature and 50–60% humidity. The experimental protocol
was approved by the ethics committee for laboratory animal
experiments at the Medical University of Vienna and the
Austrian Ministry of Science, Research and Education
(BMBWF-66.009/0173-V/3b/2019). The use of male rats only
in these experiments can be seen as a limitation, which
represents a potential selection bias due to the lacking repre-
sentation of female physiology.

Compound dosage and administration

The TLR9 inhibitor ODN 2088 (InvivoGen, California, USA) was
purchased and administered at the onset of reperfusion. The
manufacturer reports inhibition of CpG-mediated TLR9
activity in concentrations of 0.1–10 μM. Therefore, we aimed
to keep the calculated steady-state concentration above
0.1 μM for 24 h. At the onset of reperfusion, a bolus of
400 μg ODN 2088 was administered intravenously. Simulta-
neously, the mini-osmotic pump dispensed the compound
at a rate of 66.667 μg/h (1600 μg over 24 h). Given an aver-
age body weight of 330 g, 65% body water, molecular weight
for ODN 2088 of 4874 g/mol, a high bioavailability via absorp-
tion by tissue, and a suspected biological half-life of 45 min: a
steady-state concentration of 0.11 μM after 24 h was
calculated.13,14 To test our hypothesis, control-ODN (negative
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control for ODN 2088, InvivoGen, California, USA) was pur-
chased and administered in the same way as ODN 2088 (a
bolus of 400 μg and simultaneously 66.667 μg/h for 24 h
via mini-osmotic pump). Ge et al. previously used 20 μg
DNase-1 (per rat) to evaluate its therapeutic potential in a
model of IR.15 Therefore, we decided to utilize 20 μg
DNase-1 (DNase I, Merck, Darmstadt, Germany) as an initial
bolus and 20 μg over 24 h. In sham-treated animals (thora-
cotomy without IRI), 400 μL physiological saline solution
was injected as a bolus followed by the implantation of a
mini-osmotic pump also filled with physiological saline
solution.

Immunohistochemistry staining

Rat hearts were fixed in paraffin as published previously.12

Sectioning (5 μm) of the left ventricle was performed after
the appearance of the mitral valve and sections between
240 and 260 μm were used. Masson’s trichrome staining
(trichrome staining kit, Merck, Darmstadt, Germany), neutro-
phil content (anti-granulocytes antibody, Abcam, Cambridge,
UK), monocyte content (mouse anti-rat CD68, Bio-Rad - for-
mer AbD Serotec, California, USA) myeloperoxidase- (MPO
antibody, R&D systems, Minnesota, USA), CitH4- (anti-histone
H4 (citrulline 3), Antibody, Millipore, Massachusetts, USA),
CXCR2 (CXCR2 polyclonal antibody, Thermo Fisher Scientific,
Massachusetts, USA), and p65 (NFkB p65 monoclonal anti-
body, Thermo Fisher Scientific, Massachusetts, USA) staining
was performed and subsequently evaluated in five indepen-
dent picture sections per animal. All sections were analysed
using TissueFAXS (V4, TissueGnostics, Vienna, Austria) and
ImageJ (V1.5) software. CellProfiler (V4.2.0) was used to
determine the MFI of CXCR2 on neutrophils (defined via
shape, DAPI, and MPO expression) and p65 translocation in
MPO or CD68 positive cells (defined via shape, DAPI, MPO,
and CD68 expression). All analyses were carried out by a
blinded member of the study team.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay for GRO/CINC-1 (GRO/
CINC-1 (rat) ELISA kit, Enzo Life Sciences, Lausen,
Switzerland) and troponin T (rat cardiac troponin T ELISA
kit, MyBioSource, California, USA) were used according to
the manufacturer’s instructions.

Flow cytometry and applied gating strategy

In brief, 50 μL of EDTA-anticoagulated whole blood was
stained with saturating concentrations of the following anti-
bodies: CD11b/c (PerCP-eFluor 710, Thermo Fisher Scientific,
Massachusetts, USA), anti-granulocyte marker (FITC,

eBioscience, California, USA), and CD43 (Alexa Fluor 647,
BioLegend, California, USA) following standard protocols on
an Attune NXT (Thermo Fisher). The entire gating strategy is
shown in Figure S2.

Statistics

Data are presented as mean ± SD. When analysing two condi-
tions, the Mann–Whitney U test was used for nonparametric
data (determined by the Kolmogorov–Smirnov test), whereas
the Student’s t-test was used for parametric data. Multiple
comparison analysis was achieved by ANOVA, followed by
Bonferroni correction. GraphPad Prism (V8.0, California,
USA) and SPSS (V26, IBM Armonk, New York, USA) were used
for the statistical analyses. Statistical significance was defined
as P < 0.05 if not indicated otherwise.

Results

To understand the impact of short-term inhibition of TLR9
using ODN 2088, we performed a rat model with IR. ODN
2088 and respective control-ODN were administered at the
start of reperfusion with a bolus injection and in parallel via
implantation of an osmotic pump for continuous substance
release over the next 24 h. The effect of this short-term inhi-
bition on long-term outcomes was measured 4 weeks after
IR. LV wall thickness was found dramatically reduced in
ODN 2088-treated rats as compared with those receiving
control-ODN (control-ODN; 2.089 mm ± 0.633 mm vs. ODN
2088; 0.888 mm ± 0.334 mm, Figure 1A, P = 0.003). Further-
more, ODN 2088-treated animals displayed a significantly re-
duced LV mass compared with control-ODN-treated animals
(control-ODN; 100% ± 8.7% vs. ODN 2088; 82.2% ± 9.6%,
Figure 1B, P = 0.011). When analysing collagen content using
Masson trichrome staining, no tangible difference between
the two depicted groups was found (control ODN;
8.3% ± 3.1% vs. ODN 2088; 11.2% ± 2.6%, Figure 1C,
P = 0.126).

Short-term inhibition of TLR9 led to pronounced myocar-
dial tissue damage during the healing phase. To understand
whether ODN 2088 induced acute effects, we investigated
troponin T (TnT) as a marker of muscle damage and histolog-
ically quantified the size of neutrophil infiltration within the
LV. Circulating levels of troponin T were significantly in-
creased in ODN 2088, and control-ODN animals compared
with sham-treated rats and were higher in ODN 2088 than
in control-ODN animals (Figure 2A, sham; 13.67 pg/
mL ± 7.64 pg/mL, control-ODN; 43.10 pg/mL ± 20.01 pg/mL,
ODN 2088; 73.56 ± 24.65). Moreover, ODN 2088-treated
rats displayed significantly enlarged areas of neutrophil-
infiltration 24 h after IR compared with control-ODN
and sham-treated animals (Figure 2B, control-ODN;
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Figure 1 Long-term effect of TLR9 inhibition. Four weeks after IR, ventricular wall thickness was found significantly decreased in ODN 2088-treated
rats compared with control-ODN (A, P = 0.003). Moreover, ODN 2088-treated animals displayed a significantly reduced left ventricular mass (B,
P = 0.011). No difference was found in analysing collagen content in ODN 2088-treated animals versus control-ODN (C, P = 0.126). Data are presented
as mean ± SD. P-values <0.05 were considered statistically significant. The scale bar indicates 1 mm. **P < 0.01, *P < 0.05.

Figure 2 Short-term infarct parameters after TLR9 inhibition. Significant differences in circulating troponin T levels were detectable between sham-,
control-ODN-, and ODN 2088-treated animals (A, P = 0.029, P = 0.017, P = 0.007, respectively). ODN 2088-treated rats displayed significantly enlarged
areas of neutrophil infiltration after IR compared with control ODN (B, P = 0.009) as well as estimated infarct area (C, P< 0.001). Data are presented as
mean ± SD. P-values <0.05 were considered statistically significant. The scale bar indicates 2 or 1 mm. **P < 0.01, *P < 0.05.
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10.56% ± 4.71% vs. ODN 2088; 18.77% ± 4.271%, P = 0.005).
Furthermore, the estimated infarct area was also found to be
increased (Figure 2C, control-ODN; 7.05% ± 3.81% vs. ODN
2088; 21.35% ± 5.69%, P < 0.001).

Myocardial infarction is followed by a robust inflammatory
response and by infiltration of the infarcted area by innate im-
mune cells.16,17 To understand if TLR9 inhibition changed the
course of monocyte infiltration into the affected zone, we
used immunohistochemical quantification of infiltrating
monocytes into the infarcted area. Regarding monocyte con-
tent, no changes were found within the zone of infarction
24 h after IR (Figure 3A, sham; 184/mm2 ± 119/mm2,
control-ODN; 835/mm2 ± 281/mm2 vs. ODN 2088;
723/mm2 ± 153/mm2, P = 0.371). Furthermore, no statistically
significant changes between ODN 2088 and control-ODN-
treated animals were deducible at any time in circulating
monocytes suggesting similar activation patterns for mono-
cyte recruitment (Figure 3B). These findings were also sup-
ported when normalizing for baseline values (Figure 3C). As
monocytes differentiate into specific subsets with different

functions, we also determined the distribution of monocyte
subsets in the circulation after 24 h. Analysing monocyte sub-
set distribution according to CD43 expression showed no sta-
tistically significant changes, indicating that TLR9 inhibition
did not change the initial monocytic response nor distribution
between subsets (Figure 3D).

Neutrophils are amongst the first responders to myocardial
injury. Determining neutrophil content within the infarct area
24 h after IR, a pronounced increase was found in ODN
2088-treated animals compared with those receiving
control-ODN (Figure 4A, sham; 37/mm2 ± 5/mm2, control-
ODN; 974/mm2 ± 479/mm2 vs. ODN 2088; 1874/mm2 ± 352/
mm2, P = 0.002). In contrast, ODN 2088-treated animals
displayed significantly decreased circulating neutrophil num-
bers 24 h after myocardial infarction and reperfusion deter-
mined by flow cytometry (Figure 4B, control-ODN;
3486/μL ± 1396/μL vs. ODN 2088; 2262/μL ± 841/μL,
P = 0.013). When normalizing for neutrophil baseline values
this finding prevailed (Figure 4C, control-ODN;
123.7% ± 49.6% vs. ODN 2088; 75.9% ± 28.2%, P = 0.006).

Figure 3 Monocytes after TLR9 inhibition. No changes in circulating monocyte content, infiltration of the zone of infarction, and CD43 expression were
deducible at any point during the observational window (A–D). Data are presented as mean ± SD. P-values <0.05 were considered statistically signif-
icant. The scale bar indicates 20 μm. **P < 0.01, *P < 0.05.
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No changes in circulating neutrophil counts were detectable
at baseline, 30 min, and 4 weeks thereafter, independent of
normalization. To rule out potential thoracotomy-related
changes in the numbers of circulating neutrophils and mono-
cytes, sham surgery was performed on three rats. No
procedure-induced changes were found by this approach
(Figure S3A and S3B). Furthermore, NFkB p65 nucleus translo-
cation in CD68 positive cells was found increased in control
ODN and DNase-treated animals compared with rats
receiving sham treatment (Figure S5A). In neutrophils, ODN-
control and ODN 2088 treatment resulted in similar
p65 translocation with DNase-treated samples having no sig-
nificant translocation of p65 in comparison with the sham
group (Figure S5B).

To understand if the increased numbers are also reflected
in changed activation profiles of neutrophils, we stained for
the neutrophil activation marker MPO within the zone of in-
farction. We observed significantly more MPO staining in
ODN 2088-treated animals compared with those treated with

control-ODN (Figure 5A, control-ODN; 3.71% ± 2.28% vs. ODN
2088; 7.59% ± 1.49%, P = 0.003). Alongside, ODN 2088 treat-
ment resulted in significantly higher citrullination of Histone
4 (citH4, Figure 5B, control-ODN; 0.037% ± 0.044% vs. ODN
2088; 0.621% ± 0.653%, P = 0.036). Both MPO and citH4
are markers of highly activated neutrophils that are also ca-
pable to form neutrophil extracellular traps, a process where
neutrophil DNA is released into the extracellular space.18 Pre-
viously, CXCR2-dependent recruitment of neutrophils to the
infarcted area was reported to be crucial for tissue injury.19

CXCR2 positive cells were significantly increased in injured
myocardium of animals receiving ODN (Figure 5C, control-
ODN; 0.614% ± 0.398% vs. ODN 2088; 1.380% ± 0.817%,
P = 0.045). When analysing the mean fluorescence intensity
(MFI) of CXCR2 on neutrophils, we found that rats treated
with ODN 2088 displayed a significantly increased
CXCR2-MFI as compared with animals treated with
control-ODN (Figure 5D, control-ODN; 0.066 ± 0.035 vs.
ODN 2088; 0.146 ± 0.090, P = 0.047, arbitrary units). The cy-

Figure 4 Neutrophils after TLR9-inhibition. Neutrophil content within the infarct area 24 h after IR, was found to increase in ODN 2088-treated animals
compared with control ODN (A, P = 0.002). Using flow cytometry circulating neutrophils displayed decreased numbers at the same point in time (B,
P = 0.013 and C, P = 0.006). Data are presented as mean ± SD. P-values <0.05 were considered statistically significant. The scale bar indicates
50 μm. **P < 0.01, *P < 0.05.
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tokine for CXCR2 in rats is Gro/CINC-1, and no differences in
serum levels were detectable in animals receiving ODN 2088
(Figure S3C, sham; 245.9 pg/mL ± 129.4 pg/mL vs. control-
ODN; 313.5 pg/mL ± 239.5 pg/mL vs. ODN 2088; 241.2 pg/
mL ± 99.2 pg/mL, P = 0.751).

Echocardiography demonstrated a significant decrease of
ejection fraction in animals treated with ODN 2088 and with
control-ODN after one as well as 4 weeks, with no differences
between the two groups at both time points (24 h: P = 0.334;
4 weeks: P = 0.391, data shown in Figure S4A). In contrast, to
control treatment, animals treated with ODN 2088 showed a
significant, rapid increase in end-diastolic diameter and
end-systolic diameter 1 week after IR (Figure S4B and S4C).
In contrast, after 4 weeks both treatment groups had signifi-
cantly enlarged systolic and diastolic diameters by echocardi-

ography as compared with baseline with no significant differ-
ences between animals treated with ODN 2088 or
control-ODN (Figure S4B and S4C).

ODN 2088 is a direct inhibitor of TLR9. To determine if sim-
ilar observations are also true if one of the substrates for
TLR9 is removed, we used DNAse to degrade extracellular
DNA. Four weeks after IR no changes in LV wall thickness
were found comparing control-ODN and DNase-treated ani-
mals (Figure 6A, P = 0.415). Furthermore, no changes were
found in area of neutrophil infiltration of the LV (Figure 6B,
P = 0.171). When analysing the infarct area, we did not see
differences in monocyte (Figure 6C, P = 0.240) or neutrophil
infiltration (Figure 6D, P = 0.137). This similar infiltration pat-
tern also suggests a similar activation status of neutrophils in
the DNase group compared with control infarcts, which was

Figure 5 Characterization of neutrophils after TLR9 inhibition. Twenty-four hours after IR, MPO-expression within the zone of infarction was found to
increase in ODN 2088-treated animals compared with those treated with control-ODN (A, P = 0.003). Alongside, ODN 2088 treatment resulted in a
significantly higher CitH4-expression (B, P = 0.036). Total CXCR2 expression (C, P = 0.045) and CXCR2-MFI on neutrophils were significantly increased
after ODN 2088 treatment (D, P = 0.047). Data are presented as mean ± SD. P-values <0.05 were considered statistically significant. The scale bar in-
dicates 20 μm. **P < 0.01, *P < 0.05.
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confirmed by similar content of CitH4 (Figure 6E, P = 0.265) or
CXCR content (Figure 6F, P = 0.391).

Discussion

TLRs were found to play a pivotal role in the activation of the
innate immune system. As DNA, including unmethylated CpG
containing mitochondrial DNA, is present during tissue
injury,20 we were interested in the role of TLR9 activation fol-
lowing myocardial infarction. Our data indicate that early in-
hibition of TLR9-signalling results in worsened remodelling
following ischaemia and subsequent reperfusion. Increased
tissue damage and markedly elevated numbers of infiltrating
neutrophils were found 24 h after IRI in ODN 2088-treated
animals. These findings were underlined by concomitantly in-
creased levels of troponin T. Previous studies on the topic
produced mixed results. Utilizing a TLR9 agonist, Markowski
et al. as well as Cao et al. reported an attenuation of IRI,

whereas Ohm et al. described no changes.21–23 However,
Ohm et al. showed strong evidence of a reduced infiltration
of granulocytes to the affected myocardium.22 Using a TLR9
antagonist, we demonstrated a worsened outcome with in-
creased myocardial wall thinning.

Four weeks after IR, rats treated with ODN 2088 displayed
pronounced LV wall thinning. Additionally, total LV mass was
found noticeably decreased compared with animals treated
with control-ODN. However, our findings report no changes
in LV collagen content, hinting towards an aggravated early
tissue injury as compared with impaired wound healing at
later stages. Omiya et al. and Liu et al. reported a significantly
reduced survival of TLR9�/� mice used in a myocardial infarc-
tion model in which the animals were subjected to perma-
nent ligation of the left coronary artery.7,8 The cause of death
was found to be due to aneurysm formation and free wall
rupture of the left ventricle. Although our methodical ap-
proach differs from the two reported ones, the effects appear
similar. We deliberately restrained from using a genetic
knockout model to highlight the implications of TLR9 block-

Figure 6 DNAse treatment after IR. Four weeks after IR no changes in minimal ventricular wall thickness were found comparing control-ODN and
DNase-treated animals (A, P = 0.415). Furthermore, no changes were found in MPO staining (B, P = 0.171), monocyte (C, P = 0.240) as well as neutro-
phil (D, P = 0.137) infiltration of the infarct zone, CitH4 (E, P = 0.245) and CXCR2 (D, P = 0.391) extent. Data are presented as mean ± SD. P-values<0.05
were considered statistically significant. **P < 0.01, *P < 0.05.
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age within the first 24 h following IR and to understand pos-
sible treatment implications. Therefore, the aim of our exper-
imental setup was to clarify the early involvement of neutro-
phils and monocytes in IRI in a transient compared with a
constitutional model of TLR9 inhibition. Within the first
24 h, neutrophils are described as the predominant popula-
tion at the site of infarction, followed by monocytes peaking
between days 2 and 4.24 Thus, our experimental setup was
designed to focus on neutrophil recruitment and the associ-
ated tissue injury. In particular, later changes such as differ-
ences in macrophage polarization could be influenced by
the permanently abolished TLR9 response in a knockout
model. So the novelty of our experimental approach is an
early and gated window of inhibition.

In contrast to monocytes, the numbers of circulating neu-
trophils were significantly reduced in ODN 2088-treated ani-
mals. In animal models, neutrophil depletion was reported
to reduce infarct size and the extent of tissue injury.25,26 Ac-
cordingly, increased neutrophil counts after percutaneous
coronary intervention for ST-elevation myocardial infarction
were found to be associated with larger infarct sizes and
worse cardiac function.27 Neutrophil-derived tissue damage
is exerted by various factors, including MPO induced forma-
tion of reactive oxygen intermediates or the emission of de-
granulation products such as proteases, collagenases, and
lipoxygenases. Within the last decade, findings of an interre-
lation between myocardial reperfusion injury and the forma-
tion of neutrophil extracellular traps emerged.28 Our findings
underline these statements as MPO, and citrullinated histone
H4 were found significantly increased in the infarcts of ODN
2088-treated rats 24 h after IR. Our proposed sequence of
events constitutes the inhibition of TLR9, followed by drasti-
cally increased migration of neutrophils to the zone of infarc-
tion and results in short-term tissue injury and the depicted
structural changes after 4 weeks. Interestingly, no changes
in NFkB p65 translocation were deducible for neutrophils
with or without treatment when comparing to sham control.
However, control ODN-treated animals displayed an increase
in p65 translocation in CD68-positive cells compared with
rats receiving sham treatment. No such effect was deducible
comparing sham- and ODN 2088 treatment. These findings
might hint towards priming of a less inflammatory phenotype
in monocytes or resident macrophages.

In a sepsis model using TLR9�/� mice, Trevelin et al. dis-
covered an essential link between TLR9 activation and im-
paired chemotaxis in neutrophils where TLR9 deficiency
prevented the down-regulation of the CXCR2 receptor, an im-
portant player in neutrophil chemotaxis.29 Using ODN 2088,
we observed increased expression of CXCR2 within the site
of infarction 24 h after IR. Furthermore, no changes in
GRO/CINC-1 alpha, a chemotactic substrate for CXCR2 in rats,
were deducible at the same time. These findings indicate a
similar chemotactic potential in treated and untreated ani-
mals. We suggest that inhibition of TLR9 leads to decreased

down-regulation of CXCR2, resulting in increased neutrophil
infiltration to the infarct area. This finding was emphasized
by the fact that not only total CXCR2 within the lesion but
CXCR2 expression on neutrophils was found to be signifi-
cantly elevated. With this finding, we aimed to close the loop
from initial TLR9 inhibition to increased neutrophil migration
and neutrophil-associated tissue injury, finally resulting in LV
wall thinning and damage to the left ventricle. In addition to
TLR9, ODN 2088 was reported to interact with TLR7 and TLR8.
Both receptors were found to be inhibited by ODN 2088
resulting in a reduced inflammatory response.30 Although
both targets are reported to be involved in mounting im-
mune responses, no clear link to chemotaxis, and in particu-
lar, CXCR2 expression was found in the literature. However,
TLR7- and TLR8-mediated effects leading to adverse remodel-
ling cannot be ruled out.

Finally, we tried to evaluate the differences in
TLR9-blockage and substrate reduction. Therefore, key exper-
iments done with ODN 2088 were repeated using DNase as
unmethylated CpG sequences in DNA molecules are reported
to activate TLR9.31 Furthermore, neutrophil extracellular
traps (NETs) were implied to play a role in TLR9 activation.32

Ge et al. already demonstrated beneficial effects of
DNase-induced reduction of NETs in IR.15 No differences in
the primary readout of LV wall thinning were detectable
4 weeks after IR. Moreover, no significant changes were no-
ticeable for immune cell infiltration, CitH4, and CXCR2 ex-
pression. These findings underline the differences in blockage
of the TLR9 receptor versus substrate degradation. A possible
explanation can be found in the different number of affected
pathophysiological mechanisms. Whereas ODN 2088 admin-
istration ‘only’ blocks the TLR9 receptor, DNase application
results in a reduction of substrate as well as in a depletion
of structures directly damaging the afflicted area. Although
our data clearly indicate a worse outcome in ODN
2088-treated animals, rats receiving DNase displayed a
largely unaltered outcome. Despite this, a trend towards re-
duced LV mass (P = 0.087, data not shown) might be viewed
as a warning sign for a potential therapeutic application of
DNase.

Conclusions

Within the presented manuscript, we aimed to illuminate the
consequences of TLR9 blockage in a rat model of IRI. Findings
of pronounced LV wall thinning and aggravated short-term
tissue damage were observed in animals treated with the
TLR9 antagonist ODN 2088. Increased neutrophil infiltration
towards the infarct zone and increased neutrophil-mediated
tissue damage are believed to set these changes in motion.
Combining our reports with previously published data on
the chemotactic axis linking TLR9 activation to CXCR2 expres-
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sion, the picture of a self-limiting physiological process ap-
pears plausible. Following this iteration, danger-associated
molecular pattern-mediated activation of TLR9 results in pro-
inflammatory stimulation of neutrophils and migration to the
site of infarction, initially to clear debris and mount an im-
mune response. However, continuous activation of TLR9
seems to down-regulate the expression of CXCR2, steadily
reducing the chemotactic gradient to the lesion. Taking the
exerted neutrophil-mediated tissue damage and decreasing
numbers of neutrophils needed in later stages of tissue repair
into account, such a regulatory feedback loop seems proba-
ble if not necessary. Pharmacological blockage of the TLR9 re-
ceptor appears to disrupt this process of down-regulating
CXCR2. The following uncontrolled migration of neutrophils
towards the area of infarction and the associated tissue dam-
age are thought to constitute the previously discussed short
as well as long-term effects. To our knowledge, we are the
first to describe this potential sequence in a model of sterile
inflammation (TLR9-dependent enhancement of neutrophil
infiltration or TENI) with the main focus on the pharmacolog-
ical inhibition of TLR9 within the first 24 h after IR. Taking our
findings into account, pharmacological strategies involving
TLR9 inhibition for the reduction of IRI seem to produce con-
trary results. In this regard, future projects in humans focus-
ing on TLR inhibition during IRI should be appraised critically.
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